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Process variations such as annealing and cooling were

observed to play a substantial role in oxide charges and ESR
signals. It was also noted that these variations affected the
relationship between ESR and Ne g Figure 4-3 illustrates the
relationship for samples oxidized in dry 0, at various tempera-
tures and cooled in O2 (OZFP). Both (100) and (111) samples,
n- and p-type, are shown and although scatter is evident in the
data, a clear correlation seems to exist between the ESR data

and the midgap values of NS as measured by the quasistatic

t
technique.

In presenting the data for samples oxidized in dry O2 and
annealed/cooled in nitrogen, we have separate plots, Figs. 4-4
and 4-5, for n- and p-type samples, respectively. It is note-
worthy that Fig. 4-4 could mostly follow the same line as
Fig. 4-3, while Fig. 4-5 shows quite a different behavior.

The cause of this difference between n- and p-type behavior

is not clear at this time, although typically some difference
has been noted between the two types, the n-type wafers yielding
higher interface state density values. The results for argon
annealed/cooled wafers are given in Fig. 4-6.

There are other considerations which make it difficult to
establish a broad and conclusive relationship between Py and
No, for diverse physical and chemical situations. A different
type of interface states (donor- or acceptor-like) seem to
arise from different processing conditions (l1). Nitrogen and
argon anneal/cool seem to result in the creation of both types
of states, whereas oxygen-cooled samples (02FP) seem to be
characterized by predominantly donor states in the lower
portion of the bandgap. How the nature of the states affects
the ESR signals is not clear. Furthermore, values of Nst
reported here are at midgap with some potential applied to

the interface while ESR values are measured in a "no-bias"
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MIDGAP Nst (10'1/cm2 -eV)
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Fig. 4-3. Midgap interface state density (Ngt) versus electron

spin resonance (Pp) signals for n- and p-type (100)
and (111) wafers oxidized in dry O at 800°, 1000°,
and 1200°C and cooled in dry 03. Wafers received no
postoxidation hydrogen anneal.

27




R90809

T IEM e T T
® n-Type (100)Si &

= o n-Type (111) Si ]

TR N, SP

, J
N

5
= 10 :
Q - 3
Sk ]

[/
= o
e | ]
O
a | ._
=

°
1 Il b b bk b k] | il
1 10

Fig. 4-4. Midgap interface state dens
spin resonance (P

ESR (10" spins/cm?)

postoxidation hydrogen anneal.

28

ity (Ngt) versus electron
b) signals for n-type (100) and (111)
wafers oxidized in dry 02 at 800°, 1000°, and 1200°C
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Fig. 4-5. Midgap interface state density (Ng¢) versus electron
spin resonance (Pp) signals for p-type (100) and (111)
wafers oxidized in dry Oz at 1000° and 1200°C and
annealed/cooled in nitrogen. Wafers received no post-
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Fig. 4-6.
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Midgap interface state density (Ngt) versus electron
spin resonance (Pb) signals for n- and p-type (100)

and (111) wafers oxidized in dry Oz at 1000° and 1200°C
and annealed/cooled in argon. Wafers received no post-
oxidation hydrogen anneal.
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condition. Application of a surface potential during the ESR
measurement may result in different levels of Pb signals.

In conclusion, one of the important results of the
investigation has been the observation of the correlation
between ESR signals and interface state density levels at
midgap, further evidence of which is also illustrated in
Fig. 4-7. In this figure the effects of substrate dopants

are illustrated. Very little change in either ESR or NSt values

is observed for this range of resistivity. Pb signals were
levels at midgap

stronger for O, FP samples and similarly NS

2 t
were higher. The exact nature of the relationship between NS

|

and Pb is still unclear and could be the topic of future work.
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in nitrogen following a 10 min in situ anneal.
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5.0 SUMMARY AND CONCLUSIONS

Experiments have been completed which characterize the
process dependence of fixed oxide charge (st), interface state
density (Nst), and electron spin resonance signals (Pb). A
relationship was established between fixed oxide charge and
interface states prior to, as well as following, postoxidation
hydrogen annealing. Likewise, a proportionality is observed
for electron spin resonance data and interface states at midgap.
The effect of oxide thickness, dopant type and concentration,
and the incorporation of metallic impurities at the Si-SiO2
interface were also investigated. The major conclusions from

the program are summarized below:

(a) The silicon orientation effects commonly reported
for both QSs and Nst have been observed. The ratios
of QSS and NSt values (both unannealed and annealed)
between (111) and (100) oriented silicon structures

average slightly higher than 3:1.

(b) Ratios of Nst values between unannealed and hydrogen
annealed samples are relatively constant for samples

processed in oxygen and generally average 20:1.

(c) A basic difference in interface state density exists
between samples pulled in an oxygen ambient, either
fast pull or slow pull, and samples pulled in a
nitrogen ambient. The latter seems to indicate the
presence of both donor- and acceptor-like states while
oxygen-pulled samples tend to indicate the absence of
acceptor-like states.

(d) A proportionality exists between fixed charge density

and interface state density for oxidized wafers which
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(e)

(£)

(g9)

(h)

(i)

did not receive a low-temperature postoxidation anneal
in hydrogen. This proportionality is maintained in
some cases after hydrogen annealing. In many cases
the lowest achievable level of interface states seems
dependent on the density of oxide fixed charge.

Reintroduction of interface states by low-temperature
nitrogen annealing is observed by the quasistatic
technique and a corresponding increase in ESR signals
is noted.

The effect of p or n doping on Pb centers and NSt
values at midgap are not found to be significant for
substrate doping in the range 25-100 Q-cm. Interface
states are found to be inversely proportional with
oxide thickness for postmetallization hydrogen anneal
of dry Oz—pulled samples. No such dependence is noted

prior to the anneal.

Substantially weaker Py signals were observed on (100)
wafers as compared to (111), confirming earlier
findings (9). This difference holds even though Pb
(100) reflects a somewhat more complicated defect
site structure (22).

Strong evidence is obtained that a2 proportionality
exists between ESR signals and midgap values of
interface states. This relationship is dependent
on wafer processing, particularly annealing and
cooling ambients.

The incorporation of iron at the Si-SiO2 interface

by ion implantation does not result in unusual
interface state density distributions. Strong
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(3)

silicon and SiO2 damage ESR signals were confirmed

in wafers implanted with no subsequent anneal. The
damage signals are eliminated by anneal in 10% H2
in N, at 1000°C. Implantation following oxidation
results in stronger Pb signals and higher interface
state density than in undisturbed oxides.

The work reported here indicates that ESR is a
significant tool in the characterization of the
Si-sio2 system. It has the feature that it is
applicable in certain cases where conventional
techniques break down, e.g., very thin or thick
oxides, or oxides with pinholes.
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